Assessing the stewardship maturity of individual datasets is an essential part of ensuring and improving the way datasets are documented, preserved, and disseminated to users. It is a critical step towards meeting U.S. federal regulations, organizational requirements, and user needs. However, it is challenging to do so consistently and quantifiably. The Data Stewardship Maturity Matrix (DSMM), developed jointly by NOAA's National Centers for Environmental Information (NCEI) and the Cooperative Institute for Climate and Satellites-North Carolina (CICS-NC), provides a uniform framework for consistently rating stewardship maturity of individual datasets in nine key components: preservability, accessibility, usability, production sustainability, data quality assurance, data quality control/monitoring, data quality assessment, transparency/traceability, and data integrity. So far, the DSMM has been applied to over 800 individual datasets that are archived and/or managed by NCEI, in support of the NOAA's OneStop Data Discovery and Access Framework Project. As a part of the OneStop-ready process, tools, implementation guidance, workflows, and best practices are developed to assist the application of the DSMM and described in this paper. The DSMM ratings are also consistently captured in the ISO standard-based dataset-level quality metadata and citable quality descriptive information documents, which serve as interoperable quality information to both machine and human end-users. These DSMM implementation and integration workflows and best practices could be adopted by other data management and stewardship projects or adapted for applications of other maturity assessment models.
Introduction
The National Oceanic and Atmospheric Administration (NOAA) is responsible for providing environmental intelligence to American citizens, businesses, and governments to enable informed decisions. Its mission is to understand and predict changes in climate, weather, oceans, and coasts; to share that knowledge and information with others; and to conserve and manage coastal and marine ecosystems and resources. NOAA collects and provides stewardship to geophysical measurements of more than two thousand diverse parameters. The data comes from a broad range of platforms, including but not limited to satellites, fixed and mobile radars, research aircraft, buoys, ships, land-based in situ surface and upper air networks, and weather and climate models (National Research Council 2007) . NOAA's data capability is constantly improving with higher temporal and spatial resolutions, and improved observation systems. Data from new, unique, unconventional observing platforms such as unmanned water and air vehicles and instrumented animals are DSMM defines a graduated maturity scale for each of nine key components of scientific data stewardship to enable a consistent assessment of quantifiable stewardship practices applied to a given data product ; see Figure 1 for the conceptual model of the DSMM).
As a part of the vetting process, the DSMM has been applied to various different types of datasets managed by various different projects or different organizations (e.g., Ritchey and Peng 2015; Hou et al. 2015; Peng et al. 2016) . These use case studies have improved the maturity of the DSMM. They have also helped identify gaps in organizational procedures or systems (e.g., Peng et al. 2016; Grace Peng, personal communication) .
The criteria defined at each DSMM maturity level may be used to help individual projects or programs define stewardship requirements, monitor the project progress, and/or demonstrate compliance with specific stewardship practices. For example, if a project needs its data product to be at Level 3 for the Usability key component, making the product documents and source code publicly available should be one of the project requirements and on the product checklist. Due to the progressive and actionable nature of the criteria, the DSMM can also help create a roadmap for improving the stewardship maturity on a data set level (e.g., Peng et al. 2016) .
Utilizing a reference framework to quantitatively assess dataset maturity is just a good starting point. Consistently and systematically capturing and integrating this data maturity information for machine and human end-users is an important part of improving data and information accessibility, usability, and interoperability. Both utilizing a maturity framework and consistently capturing dataset maturity information are fairly new for Earth Science data management and stewardship.
The OneStop project has aimed at improving the completeness and content of dataset-level metadata records via the OneStop-ready process as the solid first step towards achieving its project goals. Table 1 outlines the OneStop-readiness requirements. To provide evidence-based data quality metadata, the stewardship maturity of individual datasets, namely, how datasets were preserved, documented, and disseminated, has been assessed utilizing the DSMM. So far, the DSMM has been applied to over 800 NOAA digital environmental datasets (Figure 2) . The datasets represent many different data groups, including satellite-based oceanic, atmospheric, and cryospheric climate data records (CDR), digital elevation models (DEM), Global High-Resolution Sea Surface Temperature (GHRSST) products, Suomi National Polar-orbiting Partnership (S-NPP) data products, World Ocean Atlas (WOA), Water Column Sonar Data (WCSD), Level-2 Next Generation Weather Radar (NEXRAD) data, Geostationary Operational Environmental Satellite (GOES-R) series data and in situ global meteorological and hydrological data products (Figure 2) . About 368 of those 800+ datasets have the DSMM ratings available to the general public via the OneStop portal.
This paper presents the practicality of OneStop application of the DSMM as a part of the process of optimizing discoverability and usability of datasets within the OneStop framework. The paper covers the aspects 
Data Formats
Data are in a standardized, non-proprietary machine-readable format
Data Stewardship Maturity Matrix (DSMM) Assessment
Each collection shall have a DSMM Assessment;
The results shall be encoded into the collection-level metadata;
The DSMM ratings shall be displayed at the OneStop search and discovery portal;
The final assessment report should be published to the NOAA's central library repository
Data Access
Data are online with direct access options * A collection is a grouping of environmental data or products that share common characteristics, is represented by a single metadata record, and consists of one or more granules. In this paper, a data collection refers to a minimum citable unit of data (Li et al. 2017) , which often time refers to a dataset. We may use a data product and a dataset interchangeably. ** A granule is the smallest aggregation of data that can be independently managed (described, inventoried, and retrieved) in the OneStop system.
Evaluation and Representation of DSMM Ratings
Applying the DSMM to individual datasets starts with training the OneStop metadata content editors. Carrying out the stewardship maturity evaluation of a dataset involves collecting relevant information, documenting evidence, and capturing the DSMM ratings for each key component. For example, criteria captured in the DSMM leverage the community best practices and standards including those for metadata.
The best practices and standards may vary for individual disciplines. Individual projects may define their own standards, e.g., ISO metadata standards. Therefore, the information about those practices and standards applied to the individual datasets is useful to be captured as supporting evidence. The existing DSMM template developed by Peng (2015) was utilized to facilitate this process. A quick start-up user guide was first developed to provide high-level background information on the DSMM followed by a step-by-step guide on how to get the DSMM template, collect needed information, carry out stewardship maturity assessment of the dataset, and display consistently the assessment results.
Once an assessment has been carried out, the DSMM ratings need to be captured and integrated into other systems or tools so information about the stewardship maturity of the dataset can be conveyed, preferably in a consistent fashion, to both machine and human end-users. For the OneStop project, the DSMM ratings and supporting evidence, i.e., justifications, are captured into a centralized spreadsheet via a Google Form and/or a database via a web-based interface. The DSMM ratings and evidence are subsequently integrated into other systems or tools, which will be described in the next section, to generate ISO standard-based dataset-level quality metadata and data stewardship maturity reports (DSMRs), and to be utilized in the OneStop search and discovery algorithm. Some of the relevant aspects of representing DSMM assessment results are described in the following subsections. 
File naming convention
An important aspect of the OneStop project's implementation of the DSMM is the concept of machine generating a human-readable and publishable data stewardship maturity report (DSMR) which is described in Section 2.5. When published, such DSMRs can be used to provide content-rich and knowledge-based dataset quality information. Anyone, however, could use the information in this and the following subsections to create such a DSMR manually or automatically. We recommend publishing these DSMRs in a formal institutional repository with appropriate structured publication metadata to optimize their availability and utility. However, generation of DSMRs at scale has shown that following a file naming convention is useful for both internal management and external users of the reports. Further, a consistent file naming convention will help systematically publish and link this data quality descriptive information document. We, therefore, recommend the file naming convention of the resultant DSMR to be defined as:
<DatasetShortName>_MM-Stew_<vnnrmm>_<yyyymmdd>
MM-Stew is a maturity metadata tag described in section 2.4. The <…> denotes a field to be defined and completed by evaluators based on information pertaining to the dataset. Description for each field is provided in Table 2 .
It is recommended to use standard or abbreviated variable names relevant to the user community. For example, environmental data vocabularies such as those from Climate Convention (CF; Eaton et al. 2014) or Observations for Model Intercomparisons (Obs4MIPs 2017) would allow the use of PMSIC for Passive Microwave Sea Ice Concentration. Another example would be to include abbreviations for institutions or programs such as EPA, USGS, NOAA, NASA, or S-NPP, preferably using community standard-based keywords such as Global Change Master Directory (GCMD) keywords (GCMD 2018). A hyphen could be used for more than one primary institution, for example, NOAA-NSIDC. It is recommended to consult, if possible, with scientific and/or data stewards for your choice of the product short name. Therefore, the file name:
NOAA-NSIDC_PMSIC_CDR-v2_MM-Stew_v02r01_20150623.pdf will denote that it is the document containing the version v02r01 (i.e., version 2, revision 1) stewardship maturity assessment results as of June 23, 2015 for the version 2 NOAA/NSIDC Passive Microwave Sea Ice Concentration Climate Data Record.
Reporting formats
It is beneficial to capture and represent DSMM ratings using a consistent format for both human and machine end-users. For human end-users, having a consistent layout of diagrams with a standardized color scheme in a consistent layout DSMR helps people readily understand and interpret the assessment results. Consistency is also helpful for visually comparing ratings from different datasets. A progressive, green-scale color scheme defined in the DSMM template is recommended (see Table 3 ). 
Field ID Description
DatasetShortName A short name that is descriptive of the data product which, preferably, is 30 or less characters containing letters, numbers, hyphen(s) and/or underscore(s) without any space or special characters. This short dataset name could include organization(s), data product abbreviation, and product type and/or version.
vnnrmm The version and revision number of current maturity assessment. Two-digit integers are used for the version and revision numbers. For example, v01r00 will be used for the first baselined version. The version number only changes when the maturity ratings are modified. Changes to the revision number reflect other modifications to the assessment document, including update to justifications and/or error corrections.
yyyymmdd
Year, month, and day of the current maturity assessment version. For example, 20160408 for April 8, 2016.
To convey and represent DSMM ratings consistently, two different types of standardized DSMM graphics were developed (Figures 3 and 4) . Figure 3 is referred to as a scoreboard and Figure 4 as a rating diagram. They both are essentially presenting the same stewardship maturity rating information but from two different perspectives. While Figure 4 presents a high-level, abstractive view of DSMM ratings, Figure 3 also captures the definitions, allowing for a more detailed description of criteria used for assessments. If two cells in a scoreboard are filled, it is an indication that only a partial rating at the higher level is satisfied (Figure 3) . The same information is conveyed in a rating diagram by a lighter shaded star (Figure 4) . Both the scoreboard and rating diagram, if included in a maturity document like DSMR, will display maturity levels of the latest assessment version and will not change with revisions.
For machine end-users, combination of the consistent color scheme, diagrams, document naming convention and layout will make the DSMM ratings and stewardship maturity information more integrable and interoperable.
Review and baseline process
A previous pilot NCEI DSMM use case study revealed that it is very beneficial to carry out assessment and review by a team -consisting of members from the Integrated Product Team (IPT), the Data Steward, and the DSMM SME . Within NCEI, an IPT usually consists of a data product SME or POC (Point-Of-Contact), an archive specialist, and an operation or access specialist. Self-evaluation results can be used internally within an organization or for personal purpose. For an organization entity, such as a repository, data center, or program, we recommend establishing a review and baseline process for DSMM assessments to ensure their quality.
To indicate the current status of the assessment to other team members or major stakeholders, the levels are recommended to progress in the following order:
• Not yet Assessed • Preliminary Assessment • Initial Assessment Draft (complete assessment but before the first (team) review)
The number of interim drafts and their reviews before the first baseline varies for each individual dataset. It usually depends on the current availability and accessibility of the information about stewardship practices to the evaluators. It is recommended to version a draft of the assessment document as v00rxx, where xx denotes a two-digit revision number, for example, for the first draft:
<DatasetShortName>_MM-Stew_<v00r01>_<yyyymmdd>
The baselined version of the stewardship maturity assessment document should contain the complete metadata of the DSMM assessment, ratings, and justifications (Figure 5) . It may also contain the scoreboard and rating diagrams.
Quality metadata implementation
The following maturity metadata (MM) tags are defined as possible identifiers of data quality metadata in the dataset-level metadata records. These MM tags systematically indicate different perspectives for potential linkage to different defined maturity assessment models when such a system becomes available in the future: • MM-Scie for science maturity information • MM-Prod for product maturity information • MM-Stew for stewardship maturity information • MM-Serv for service maturity information
The best practices for implementing the DSMM ratings into the ISO standard-based dataset-level quality metadata records are developed by the OneStop Metadata Team in collaboration with the NOAA Metadata Working Group ). The conceptual framework is outlined in Figure 6 and Table 4 . The current xml representation for encoding the DSMM assessment ratings into an ISO metadata record is provided in Appendix A.
Data Stewardship Maturity Report
The DSMR is formatted consistently with other NOAA technical memoranda. It captures the revision history, provides a recommended citation for the report, consists of an introduction, assessment results including the rating scoreboard and diagram, and a reference list of works cited within the assessment (see an example in Lemieux et al. 2017 ).
In collaboration with the NOAA Central Library, the OneStop Metadata Team developed a process to create and publish a NOAA Technical Information Series as defined in NOAA Administrative Order 201-32G: Scientific and Technical Publications for the NESDIS line office (NOAA 1993) . Having DSMRs publicly available helps the OneStop project be compliant with the Information Quality Act (US Public Law 106-554, 
Measure Name Data Stewardship Maturity Assessment

Measure ID MM-Stew
Measure Description
The Data Stewardship Maturity Matrix (DSMM) is a unified framework that defines criteria for each of nine components based on measurable practices, which can be used to apply a progressive, 6-level rating to an individual dataset, representing stewardship maturity stages rated as Not Assessed or Not Available (Level 0), Ad Hoc (Level 1), Minimum (Level 2), Intermediate (Level 3), Advanced (Level 4), and Optimal (Level 5). 
Evaluation Description
Workflows, Templates, and Tools
To facilitate and automate the process of applying the DSMM to a dataset, capturing the detailed supporting evidence, providing the provenance of the assessment, and integrating the DSMM ratings, a variety of workflows, templates, and tools were developed and are described in this section (Figure 7 , also Ritchey et al. 2016 ).
Data Stewardship Maturity Questionnaire
DSMM evaluates data management and stewardship practices from a dataset being acquired, archived, and disseminated. Obtaining all necessary information on the practices is a laborious task. The most challenging part of the DSMM assessment is obtaining data quality information as it is often not readily available publicly or available in a consistent, machine-readable format. These components require information on practices associated with data quality assurance, control, and assessment, which is best provided by data producers or product stewards. At the present time, the data quality information is collected and derived by dedicated OneStop metadata content editors based on the available literature and from direct communication with product stewards. Ideally, the relevant information would be collected and documented early in the data lifecycle and used to automatically map to the DSMM ratings. Different domain experts could contribute to relevant key components of the dataset stewardship maturity assessment to provide a thorough and accurate assessment.
To alleviate some of the current burden for both product stewards and metadata content editors, a Data Stewardship Maturity Questionnaire (DSMQ) was developed to streamline the DSMM assessment process. The DSMQ consists of a set of standardized questions and pre-selected answers, aiming to provide an easy mechanism for collecting information that may not be available publicly (Partee et al. 2018 ; see Figure 8 for an example). Some questions allow for linking to publicly available information which, if it is machine readable, would allow for automated field population of the DSMM results. The DSMQ will also help improve the scalability of the assessment process. A web-based user-interface has been developed to guide NOAA data managers through this assessment process using the DSMQ (see OneStop Metadata Content Editor Team 2018 for more details on how to sign in and use the tool). The assessment results are captured in a database and encoded into the ISO dataset-level metadata record and the OneStop search and discovery algorithm. 
Automation tools and workflows
Tools are developed to automatically generate the DSMM graphics and draft data stewardship maturity reports (DSMRs). Figure 9 outlines the flow of DSMM data and the automation process of DSMR generation. A template of a web-based form was developed to facilitate the DSMM assessment results collection and integration process. This template builds on an existing NCEI web application, CEdit. CEdit provides a graphical user interface for creating, updating, and exploring DSMM assessment results in the XML format. However, for a bulk operation, it is convenient to use its RESTful API. Figure 10 shows the DSMM assessment integration workflow at NCEI. It portrays the process and outlines the tools used by metadata content editors when assessing the stewardship of metadata records. The process begins by assessing the scope of the dataset. After identifying the structure of the dataset (what are collections, granules, etc.), the process splits among two varying paths based on that analysis. Datasets that have collection-level metadata move along to the next step, while datasets that do not have collection-level metadata must have these records created for them using a preferred metadata editor. Next, the metadata content editor completes the DSMM assessment using established research methods, online resources, and subject matter expert consultations. All of this information is then placed in a web-based form based on Restful API (i.e., CEdit) as well as within the collection-level metadata. Last, the metadata record must be validated to ensure that it meets ISO compliance before being committed back to the subversion (SVN) and pushed to a metadata component management system.
Integration to Other Systems and Tools
Integration to ISO dataset-level metadata
The numerical DSMM ratings are systematically encoded into the dataset-level metadata record as a 6-level rating system to each of the nine components of the DSMM, using the ISO data quality metadata standards and XML implementation described in Section 2.4 and Appendix A. Tools are being developed to perform the integration from either the centralized Google spreadsheet or the database.
Integration to OneStop search and discovery algorithm
Using the 6-level rating system defined in the ISO dataset-level metadata, OneStop assigns a numerical value correlated to the given score (integer between 0 and 5, inclusive) to each of the nine components upon ingesting and parsing a data set's metadata record. A mean average value for the components is then calculated and stored in the underlying search index with the dataset's parsed information.
When a user initiates a search against OneStop, either via the API directly or through the website, results are given individual scores based on their level of relevancy to the given search text and any provided filters. In addition to this, a separate score is calculated based on the value of the DSMM average, specifically the logarithm of 1 plus its DSMM score (i.e., log(1 + 0) or zero for a dataset without any DSMM score and log(1 + 5) or approx. 0.78 for one with a score of 5). This secondary score is then added to the query score yielding a higher overall result ranking for datasets with higher DSMM averages. The end result is that DSMM ratings serve as a tie-breaker in the OneStop search and discovery algorithm for items that would otherwise be equally relevant.
Displaying DSMM Ratings
On the OneStop portal, a dataset's collection view (see Figure 11 ) visually displays the DSMM average score as fully or partially filled stars. The actual numerical average is displayed by clicking the information icon next to the stars.
Summary and Discussion
The combination of rapidly increasing data volume and variety, along with elevated requirements for timely access to high-quality and readily usable and interoperable environmental data and information has posed a significant challenge for effectively managing and servicing the NOAA data. The OneStop project was initiated to support NOAA's efforts to improve discovery and access services for NOAA's legacy data.
The DSMM was utilized to provide evidence-based dataset stewardship maturity information for search and discovery as a part of the OneStop-ready process. The dataset maturity information is useful to end users to help them make informed decisions for their unique data use requirements.
During the end-to-end application of the DSMM for NOAA datasets, challenges continued to emerge. Initially, DSMM assessments including the justifications were captured manually, using the Peng (2015) template. The results were then entered manually via a Google Form and collected in a Google spreadsheet. Next, the DSMM ratings were integrated into the metadata records through a script. It became quite clear early on that the scalability of assessing, representing, and integrating DSMM ratings needs to be improved and automation is a must in order to apply the DSMM to hundreds to thousands of NOAA datasets. A web-based tool was developed to capture assessment results and automatically generate the draft of the data stewardship maturity reports following a consistent template. The workflows were created to input the ratings into a database for them to be readily integrated into the collection-level metadata records. As this is the first time for NOAA to explicitly curate ISO quality metadata. The implementation best practices are developed by the NCEI Metadata Working Group with help from the NOAA Enterprise Metadata Working Group. The xml representation of ISO DSMM quality metadata is included in Appendix A. The DSMQ approach was developed and implemented to further lessen the burden of collecting relevant information and help improve consistency of the assessments. With the DSMQ approach, the DSMM ratings are automated calculated based on the pre-populated answers to the questionnaire, which are stored in the database and then integrated into the ISO metadata -all are done under an automated workflow.
The best practices developed for the application of DSMM to NOAA datasets, such as those for evaluation of data stewardship maturity, the integration workflow of DSMM assessment results, ISO data quality metadata implementation template, and data maturity report template, help NOAA meet U.S. federal regulations, organizational requirements, and user needs on information quality, including transparency, interoperability, accessibility and usability. These best practices are helpful for improving the scalability of the DSMM application. They can be beneficial to any organization that wishes to utilize the DSMM.
Different maturity assessment models may be developed to assess different quality attributes (see an overview by Peng 2018) . DSMM may be adapted by an organization to include additional quality attributes such as the Stewardship Maturity Matrix for Climate Data (SMM-CD; WMO SMM-CD Working Group 2019) developed under the High-Quality Global Data Management Framework (HQ-GDMFC) initiative of the World Meteorological Organization (WMO). The application workflows and best practices described in this paper can also be adapted for practical application of other types of maturity matrices. In that case, modifications may be necessary to account for different key components and scale structure of these maturity matrices. The DSMM approach is different from an audit certification approached at an archive level, e.g., the OAIS standard ISO 16363 (2012). ISO 16363 (2012) establishes comprehensive audit metrics for what a repository must do to be certified as a trustworthy digital repository. The OAIS certification focuses on the capability of the archive. Three important qualities of trustworthiness are integrity, sustainability, and support for the entire range of digital repositories in three different aspects: organizational infrastructure, digital object management, and infrastructure and security risk management (ISO 16363 2012) . The DSMM, on the other hand, focuses on the stewardship practices applied to individual datasets. The two approaches overlap primarily in the area of digital object management. A synergy of the DSMM criteria and the World Data System core trustworthy data repositories requirements (Edmunds et al. 2016 ) has been observed and will be examined in a future study (Wendy Gross, personal communication) .
It is anticipated that the practical application of DSMM will evolve. We encourage constructive comments and suggestions from the Earth Science data stewardship community. Workflows or practices may be improved over time. A latest version of this article will be maintained via the Open Science Framework at DOI:10.31219/osf.io/fp3js.
To provide a gradual way for people to get relevant information on or to get started with the DSMM, a consolidated resource in the form of a flow diagram with clickable links has been developed (Peng 2017) . The latest version can be downloaded at: https://figshare.com/articles/Getting_To_Know_And_To_Use_DSMM/5346343.
Additional File
The additional file for this article can be found as follows:
• Appendix A. The current xml representation for encoding the DSMM assessment ratings as quality metadata into an ISO metadata record. DOI: https://doi.org/10.5334/dsj-2019-041.s1
